In this short paper we illustrate the versatility of positron annihilation lifetime spectrometry when used for material characterisation by presenting a selection of recent lifetime studies carried out on novel polymeric materials with a wide range of potential industrial applications. We highlight the importance of local free volume in governing the macroscopic properties (e.g. permeation properties, mechanical strength) of these materials and how lifetime measurements can be used in conjunction with a number of complementary techniques in order to establish composition-structure-property relationships for these systems.
Introduction
Over the past decades the development of advanced multifunctional polymeric materials with tunable chemical functionalities, exceptional physical and mechanical properties has become a subject of great scientic interest, not only from a fundamental perspective but also due to their broad potential industrial applications [13] . Despite the strong interest, however, to date most of these polymeric materials are developed using mainly trial--and-error strategies, making the rational control of their physical properties a very dicult task. For this reason, in recent years alternative approaches, which establish a fundamental understanding of the materials at a molecular level and employ composition-structure-property relationships to predict and rationally control their physical and mechanical properties, have become increasingly more popular.
It is now well known that both the structure and dynamics of polymeric materials are closely related to the local free volume which exists between molecules in these systems due to irregular packing, density uctuations and topological constraints [4] . The concept of free volume is important, since it is commonly considered as the volume enabling molecular re-organisation and may, therefore, be associated with phenomena such as diusion, viscoelastic ow and the glass transition [47] . Positron annihilation lifetime spectrometry (PALS) is a well established technique which can probe this local free volume directly, * corresponding author; e-mail: m.roussenova@bristol.ac.uk thus providing an invaluable tool for studying the structure and dynamics of polymeric materials [8, 9] . Furthermore, by using PALS in conjunction with a number of complementary techniques, the changes in local free volume observed at the molecular length scale may be related to the changes in the macroscopic bulk properties (e.g. density) [1012] . This renders an integrated approach for establishing composition-structure-property relationships which provide a stepping stone to the rational control of the material properties at the molecular level.
PALS: A free volume perspective
In this brief overview, we illustrate the versatility of PALS in this respect, by presenting a selection of recent studies carried out in Bristol which focus on the rational design of novel polymeric materials with a number of different industrial applications. The examples selected aim to elucidate the importance of local free volume for range of dierent phenomena, for example, molecular mobility, diusion/permeation, thermodynamic state and mechanical strength.
2.1. Zeolitic imidazolate framework (ZIF-8)-polyimide composite membranes for gas separation: permeability and local free volume It can be seen from Table I that the addition of ZIF-8 nanoparticles causes a systematic increase in the glass transition temperature, T g , of the polyimide based membranes, in agreement with previous observations reported for similar systems [15] .
In Fig. 1 we present the gas transport data for the polyimide-based membranes with various compositions, annealed under vacuum at ≈ 500 K for 18 h (in order to remove any residual solvent). In Fig. 1a we observe a molecular sieving eect with the gas permeability following the kinetic diameter of the respective gas molecules: [16] . Furthermore, the permeability of all gases increases as a function of increasing ZIF-8 content and the eect is most pronounced in the case of H 2 , where we measure a 250% increase in permeability over the ZIF-8 content range studied. It can also be seen from Fig. 1b that the selectivity (α A/B = P A /P B , where P A and P B are the permeabilities of the two respective gases) remains largely unchanged compared with the pure Matrimid membrane, highlighting the potential for industrial application. In Table I we also report the lifetime measurements for the Matrimid--based composite membranes.
Two distinct o-Ps lifetimes can be resolved in the spectra measured for the membranes, suggesting they have a bimodal free volume distribution [17] . The ZIF-8 nanoparticles possess pores with a diameter of 11.6 Å, connected by smaller apertures, 3.4 Å in diameter [18] . Fig. 1 . Pure gas permeation properties: (a) permeability and (b) selectivity of the Matrimid-based membranes with dierent ZIF-8 loading levels [15] . The solid lines are included as guides to the eye. Adapted from Ref. [15] with permission from the Royal Society of Chemistry.
One would expect the lifetimes of o-Ps annihilating within these pores to be of the order of 5 ns and 1 ns, respectively [9] . These lifetimes are too similar to the two o-Ps lifetimes measured in the neat Matrimid membrane, meaning that they cannot be resolved as separate components in the spectra of the composite membranes. This suggests that the reported lifetimes reect the changes in molecular packing of the base Matrimid polymer [15] . Table I that . Gelatin is particularly useful for this purpose due to its thermally reversible gelation close to the human body temperature, as well as its ability to produce lms which can readily dissolve in water [2, 3] . However, alongside the large number of useful properties inherent to gelatin, it also exhibits some signicant shortcomings, for example, it is highly brittle at low water contents which may result in the undesired failure of glassy gelatin encapsulants. In order to overcome this problem, gelatin matrices are often modied by the inclusion of polyol molecules such as glycerol and sorbitol [3] . Both glycerol and sorbitol have been previously shown to improve the mechanical properties of glassy gelatin lms, as illustrated in the inset of Fig. 2a which shows a signicant reduction in the force at breaking point, F B , as a function of increasing polyol content [19] . It has also been previously shown that the permeability of gelatin lms towards gases and water vapour may also be altered by the addition of such low molecular weight additives [3, 20] . It is commonly invoked that the molecular mobility, and hence the barrier properties of biopolymer matrices are related to the local free volume [5, 7] . However, to date there is limited information about the nature of this free volume in gelatin oligomers and how it is aected by factors such as temperature, matrix composition and water content. Here, we present a selection of lifetime measurements in order to elucidate the eects of temperature and low molecular weight diluents (namely water, glycerol and sorbitol) on the thermodynamic state and local free volume of low water content bovine gelatin matrices.
It is clear from
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Details on the preparation of the gelatin-polyol matrices and the experimental methods can be found in Ref. [20] .
It can be seen from scanning calorimetry (data not shown) [20] . It is also clear that both, glycerol and sorbitol act as packing enhancers, causing a reduction in the average hole size of the gelatin oligomer matrices (both in the glassy and rubbery states), accompanied by a reduction in T g . Furthermore, as shown in Fig. 2b , both polyols eectively alter the water sorption behaviour of the gelatin matrices, causing a decrease in the absorption of water vapour at well dened water activities [20] . For example, at a w = 0.33 we observe ≈ 25% decrease in water content upon the addition of 8.4 wt% sorbitol. This is advantageous from a practical point of view since water is a highly ecient plasticiser for biopolymer matrices [3, 10] .
It has a profound eect on their thermodynamic state and physical structure, as illustrated in Fig. 3 . Water causes a strong depression of the glass transition temperature of the gelatin oligomer matrices (inset) which is accompanied by a signicant increase in the average hole size of the matrices (both in the glassy and rubbery states)
[1012, 21, 22] . In addition, plasticisation is commonly accompanied by a signicant increase in the diusional mobility of small molecules (e.g.: gases and volatile organic compounds), which can lead to a deterioration of the encapsulation eciency of the gelatin matrices [3] .
Novel poly(dimethylsiloxane) based polymer-nanoparticle composites: mechanical reinforcement and local free volume
Investigations into the eect on macroscopic properties of polymer matrices incorporating nanoscale llers have become popular in recent years [23] . The physical, chemical, and mechanical improvements in such systems have been found to be signicantly greater than more traditional polymer-composites where micron sized inclusions are commonplace. The origin of these macroscopic property improvements is still unclear, believed to be as a result of enhanced polymer-ller interactions occurring at a molecular level. With the presence of enhanced polymer--particle interactions in polymer-nanoparticle composites [24] , it is hypothesised that these enhancements may manifest themselves through changes in the local free volume, measureable by PALS, giving insight into the mechanism of macroscopic mechanical reinforcement from changes at a molecular level.
In this study the eect of incorporating, through physical dispersion, various concentrations (expressed as wt%) of meta-carborane (m-CB) nanoparticles into a monomodal cross-linked poly (dimethylsiloxane) (PDMS) network (detailed sample information can be found in Ref. [25] ) on the local free volume was investigated. Similar materials have been studied previously [26] where the incorporation of the m-CB was found to result in a mechanical reinforcement of the material, increasing the equilibrium compression modulus G , and reducing the level of hysteresis in the cycled compression stressstrain analysis performed at 298 K, as shown in Table II ings from DMA on the bimodal PDMS networks [26] .
A reduction in the average hole volume eectively reduces the space available to the polymer chains for reorganisation, hindering the chain mobility, reducing the viscous while enhancing the elastic behaviour of the material. This study is a preliminary investigation into exploring the correlation between free volume and mechanical reinforcement in polymer nanocomposites, more in depth work is currently under-way in Bristol to explore this relationship further, focussing on free volume measurements using PALS, mechanical properties using DMA and relaxation measurements using broadband dielectric spectroscopy (BDS) of other synthetic polymer composites.
Final remarks
By presenting a selection of examples, we have illustrated that although modern theories of phenomena such as the glass transition, self diusion and the diusion of guest molecules are more complicated than the original free volume concepts, the local free volume plays a fundamental role in governing many of the physical properties of polymeric matter. PALS has, therefore, proven to be an invaluable tool for the characterisation of a wide range of polymeric materials since it can directly probe the changes in thermodynamic state and molecular organisation at the sub-nanometer length scale.
